Leptin signals the status of energy reserves to the brain. Leptin stimulates biosynthesis of TRH in vitro and influences the activity of the hypothalamic-pituitary-thyroid axis in vivo in rodents. Because blood levels of both leptin and TSH display diurnal variation with a distinct nocturnal rise, we sought to determine whether a relationship exists between fluctuations in circulating leptin and TSH.
synchrony with those of TSH as determined by cross-correlation analysis, by cross-approximate enthropy and Bayessian analysis applied independently. To further explore whether these associations could reflect an underlying regulation of TSH secretion by leptin, we also studied frequently sampled leptin and TSH levels in four brothers, members of a family with leptin deficiency (one normal homozygote, two heterozygotes, and one leptin-deficient homozygote). Leptin levels of the homozygous leptin-deficient subject are detectable but bioinactive, and the rhythm of his TSH is disorganized. 24-h pattern of leptin and TSH variability in the heterozygous subjects, although significantly correlated, showed a weaker correlation compared with the strong correlation in the normal subjects.
These data are consistent with the possibility that leptin may regulate TSH pulsatility and circadian rhythmicity, but interventional studies are needed to definitively prove whether leptin regulates the minute-to-minute oscillations and ultradian rhythm of TSH levels. (J Clin Endocrinol Metab 86: 3284 -3291, 2001) L EPTIN, AN ADIPOCYTE-DERIVED hormone, has been implicated in the regulation of food intake and metabolism (1) , and regulates neuroendocrine function in rodents (2) . More specifically, leptin administration can blunt the food deprivation induced increase of cortisol and decrease in thyroid and gonadal hormone levels in mice (2) . Interestingly, leptin's secretion is pulsatile with a nocturnal rise (3) (4) (5) (6) (7) , and the circadian/ultradian variations in plasma leptin levels are inversely related to those of ACTH and cortisol (5) in young men and display pattern synchrony with those of both LH and estradiol in young women (4) . Thus, it seems that leptin oscillations are synchronous to those of the hypothalamic-pituitary-adrenal and gonadal axes.
Circulating concentrations of another pituitary hormone, TSH, also show significant circadian and ultradian variation (8 -10) . More specifically, TSH is secreted by the thyrotroph cells of the pituitary in a pulsatile manner with increases in pulse amplitude and frequency at night (11) (12) (13) (14) (15) . Although in vitro and in vivo data demonstrate that leptin regulates TRH messenger RNA (mRNA) in the paraventricular nucleus as well as TSH secretion in response to starvation in rodents (2, 16 -21) , it remains unknown whether leptin has a similar action in humans and whether the ultradian and the minute to minute dynamics of leptin levels are closely associated with those of TSH.
We studied five normal men to examine the hypothesis that pulsatile release of leptin and TSH exhibit pattern coupling, or synchronicity, by measuring plasma concentrations of these hormones every 7 min over a 24-h period. First, we used model-free Cluster analysis to quantify the pulsatile mode of leptin and TSH release. In complementary assessments of the nonpulsatile features of leptin and TSH secretion we applied Bayessian and cosinor analysis to quantitate the two hormones' nyctohemeral rhythmicity and used the approximate enthropy (ApEn) statistic to estimate the pattern orderliness of their release process. To evaluate whether the ultradian fluctuations in leptin levels show pattern synchrony with those of TSH we used cross-correlation analysis and cross-ApEn independently. To further explore whether leptin's ultradian and circadian patterns are causally related to those of TSH, we studied the pattern of leptin and TSH secretion in four brothers, one of them being a leptin-deficient homozygote, two heterozygotes, and one normal homozygote.
Materials and Methods

Clinical research protocol
Five young, healthy, Caucasian men were studied after giving informed consent for the clinical research protocol. Subjects had an age range of 22-26 yr, an average body mass index (BMI; weight in kilograms divided by height in meters squared) of 22.7 Ϯ 0.14 kg/m 2 , and an average percentage of fat of 17.6 Ϯ 4.19. In addition, we studied four brothers, members of a family with several leptin-deficient subjects. Volunteers with a history of medical illness, obesity, smoking, or substance abuse were excluded. One of the brothers (BMI, 54.33 and 42.8% of fat) was a leptin-deficient homozygote (Ϫ/Ϫ), two (BMI, 24.91 and 24.49, respectively, with 14.8% and 17.7% of fat) were heterozygotes (Ϯ), and one was a normal (ϩ/ϩ) subject (BMI, 19.53). The study subjects did not take any prescribed or over-the-counter medications, dietary supplements, or hormones and had not undertaken transmeridian travel of more than three time zones for at least 30 days before the study.
The clinical research protocol and the diet that subjects were on during their hospitalization have been described in detail previously (3) . Briefly, the study subjects were admitted to the Clinical Research Center 48 h before initiation of the study to be acclimated to the Clinical Research Center environment. The study subjects were exposed to light from 0700 -2300 h and darkness from 2300 -0700 h, during which time they slept. Sleep was monitored by the NightCap apparatus (Healthdyne Technologies, Marietta, GA) (4, 5) . On the day of blood collection, samples were withdrawn every 7 min for 1442 min beginning at 0800 h via an indwelling catheter that had been inserted the evening before the frequent blood sampling day. Thus, a total of 207 blood samples were obtained from each subject, and sera were frozen in Ϫ70 C for later assays. During the frequent blood sampling day subjects were allowed to walk from their beds to the bathroom and to an adjacent hospital dayroom to maintain a level of physical activity comparable to baseline.
Hormonal assays
Total human leptin was measured by RIA, as described previously (3, 5) . The sensitivity of the assay was 0.2 ng/mL. TSH was measured by a commercially available RIA (Diagnostics Systems Laboratories, Inc., Webster, TX). The sensitivity of the assay was 0.03 IU/mL; the intraassay coefficient of variation was less than 4%, and interassay coefficient of variation was less than 9.2%.
Pulse analysis: CLUSTER
To assess possible changes in plasma leptin and TSH concentration pulse parameters during daytime (0800 -1700 h, which is characterized by lower leptin levels) and nighttime (2300 -0800 h, which is characterized by higher leptin levels), we used CLUSTER (3, 22) , a largely model-free computerized pulse analysis algorithm to identify statistically significant pulses in relation to dose-dependent measurement error in each hormone time series. The details of the protocol for this analysis have been previously described (3, 5) .
Nyctohemeral (24-h) rhythmicity: cosinor analysis
The presence of diurnal rhythms was tested with single and population cosinor as well as multiple components analysis (23) using ChronoLab 3.0.3 (24, 25) . This procedure fits the data to a cosine function of a fixed anticipated period and calculates an estimate of the MESOR (Midline Estimating Statistic of Rhythm), which represents the mean value of the rhythmic function; amplitude, which is the difference between the peak and the MESOR of the fitted curve; acrophase, the time lag expressed in radians from a reference time point (in our case from midnight) of the top point in the fitted curve; and telophase, the time lag from the reference point of the lowest point in a fitted curve, which occurs exactly 12-h after the acrophase. The probability of rhythm was tested by an F-test, according to the null hypothesis of zero amplitude. Tests for normality and independence of residuals and homogeneity of their variance were also used (23) (24) (25) .
Regularity of the two hormone series: ApEn
ApEn is a large-scale, translation-invariant, and model-independent regularity statistic developed to quantify the orderliness of sequential measures, such as hormonal time series over a 24-h period (5) . Larger ApEn values correspond to greater randomness (irregularity). The basic derivation and calculation of ApEn have been presented previously (5) . In addition, to evaluate relative regularity of TSH and leptin concentrations, we used the cross-ApEn. This measure quantifies the conditional regularity or synchrony of point-by-point variations across two time series, as described previously (5).
Cross-correlation analysis
Cross-correlation was calculated after lagging the concentration time series of one hormone relative to the concentration time series of the other hormone. Cross-correlation was carried out at variable lags that are the times in minutes separating the consecutive samples in the paired hormone series of interest, as described previously (5). Significant crosscorrelation values for the study group at any particular lag were tested against the null hypothesis of purely random associations as previously described (5) .
Bayesian mixed effect model
To examine differences in the baseline levels and diurnal pulsatility of serum leptin and TSH between normal homozygotes, heterozygotes and leptin-deficient homozygotes, we constructed a Bayesian nonlinear, hierarchical model (26) . As with our earlier cosinor analysis, this model assumes that each observed leptin or TSH measurement y it for individual i ϭ 1, 2, . . . N at time t follows basic sinusoidal behavior, such that
where a i is the unknown periodic amplitude for i, b i is the baseline, t has been rescaled from (0800 h, 0800 h ϩ 1 day) to (0,1), i is the phase shift (in radians from 8AM) and ⑀ ϳ N(0, 2 ). We further assume that the individual effects a i , b i and i are, a priori, independent, and normally distributed about their unknown grand population means A, B and ⌽ with unknown variances 2 A, 2 B, 2 C. We take vague, yet completely proper, priors on these unknowns and fix the support of i to lie within (0,) to avoid confounding it with the sign of a i . This model assumes a fixed period of 24 h.
As a i approaches 0 for an individual, the periodic term in this model vanishes and we are left with random variation about the baseline. Examining whether the mean value of ai for a subset of individuals equals 0 tests whether or not this group exhibits periodic oscillation. Likewise, examining whether the mean values of b i for different subsets of individuals equals 0 tests whether baseline values differ between groups.
Due to our small sample size, a Bayesian approach overcomes the shortfall of a traditional nonlinear, mixed effects model that relies on asymptotics to make inference. We fit our model using the standard Metropolis-Hastings-withinGibbs algorithm (27) , breaking up our parameter space in blocks (A, a i , 2 
. We use random walk drivers with their variances adjusted to give appropriate acceptance rates to improve mixing, and check convergence using multiple runs with starting values drawn directly from our priors.
Following the Bayesian paradigm, we identify a parameter or function of parameters as significantly different from 0 if the 95% Bayesian credible interval for that parameter or function does not lie over 0. We determine the 95% Bayesian credible interval from the posterior of the parameter or function given the data. This is the Bayesian equivalent to setting a P value of 0.05 to designate significance.
Statistical analysis of mean hormone levels.
Comparisons were made by using Student's t test or ANOVA. When multiple comparisons were made a protected value of P Ͻ 0.01 was used to determine statistical significance, as described previously (4) . Results are presented as the mean Ϯ se. Statistical significance was accepted for P less than 0.05.
Results
Mean leptin concentrations
The mean 24-h leptin concentration was 5.26 Ϯ 0.091 ng/mL in the group of normal volunteers. The mean 24-h immunoreactive but bioinactive leptin concentration was 0.41 Ϯ 0.002 ng/mL in the leptin-deficient homozygote (Ϫ/Ϫ; percentage of fat mass, 42.8%). The mean 24-h leptin concentrations were 1.07 Ϯ 0.03 ng/mL and 0.78 Ϯ 0.02 ng/mL in the two heterozygotes (ϩ/Ϫ; percentage of fat masses, 17.7% and 14.8%, respectively), and 2.84 Ϯ 0.09 ng/mL in the normal homozygote (ϩ/ϩ; normal range for percentage of fat mass, 12-18%).
Thyroid function
Early morning free T 3 was 4.1 pg/mL in the leptin-deficient homozygote, 3.3 pg/mL in the heterozygote, and 2.15 pg/mL in the normal homozygote, with the normal range varying from 2.3-4.2 pg/mL. Early morning free T 4 was 1.3 ng/dL, 1.2ng/dL, and 1.2 ng/dL in the Ϫ/Ϫ, Ϫ/ϩ, and ϩ/ϩ subjects, respectively. Early morning TSH levels were 2.6 IU/L in the leptin-deficient homozygote, with a normal range of 0.35-5.5IU/L. TSH levels were 1.7 and 1.9 IU/L for the Ϫ/ϩ and ϩ/ϩ, subjects respectively. TRH test showed that basal TSH levels were 3.2 IU/L in the Ϫ/Ϫ subject, with peak levels of 17.0 IU/L and 7.7 IU/L after 90 min. The thyroid gland was normal, and antithyroid antibodies were negative in homozygous, heterozygous, and normal subjects.
Circadian rhythms in normal subjects and in a family with leptin deficiency
The circadian pattern of leptin release was similar in all five normal subjects. Leptin levels display a nadir after the onset of sampling in the morning and increase thereafter to a peak that is reached in the early morning hours, as previously described and as illustrated in Fig. 1 . A strikingly similar pattern of TSH secretion was observed in this study with TSH levels reaching a nadir in the morning and a peak in the early morning hours (Fig. 1) . Importantly, cosinor analysis on the absolute leptin and TSH levels revealed a significant fit for a 24-h period in all normal subjects. Both hormones showed similar probabilities of rhythm and superimposable peak values. Also acrophase times were placed at virtually the same time point in the early morning (leptin, 0157 h; TSH, 0218 h). The data obtained were well represented by the cosine curve, and maximum values did not occur at appreciably different time lags from the acrophase and its confidence limits, as tested by multiple components analysis. Based on these findings, we can state that leptin and TSH show virtually identical circadian rhythms and possible ultradian variations in TSH rhythm seem not to obscure the 24-h trends (Fig. 1) .
The leptin-deficient homozygous subject had detectable, but bioinactive plasma leptin levels (28) . In this subject, TSH secretion can be adjusted to a 24-h sinusoidal curve, but periods of secretion are disorganized. In fact, TSH acrophase [Ϫ198; 95% confidence interval (CI), Ϫ175, Ϫ221] is remarkably shifted in time and the results can be better and more significantly modeled with a multiple component curve, which includes periods with 24, 12, and 8 h. Heterozygote analyses (Ϫ33.7 and Ϫ65.1; 95% CI, Ϫ24, Ϫ44 and Ϫ55, Ϫ75, respectively) do not greatly differ from the normal homozygote (Ϫ37.1; 95% CI, Ϫ31, Ϫ43). Absolute leptin levels are lower than normal but periods of secretion are compatible with a 24-h rhythm with acrophase occurring in the early morning. In both subjects, TSH multiple component analysis, considering periods of 24, 12, and 8 h do not obscure the 24-h fittings. However, a relatively more disorganized pattern of secretion can be easily seen in one of the two heterozygote subjects. The normal (ϩ/ϩ) brother shows rhythms similar to those of the five normal volunteers.
Ultradian rhythms in normal subjects
Both leptin and TSH levels are highly organized and pulsatile in healthy Caucasians. Furthermore, this study shows a strong positive Pearson correlation between the 24-h patterns of variability in leptin and TSH (Fig. 2) . Synchronicity between leptin and TSH time series was assessed independently by cross-correlation analysis and by cross-ApEn. We found statistically significant cross-correlation values between leptin and TSH during the time windows of Ϫ119 to ϩ140 min (P Ͻ 0.01), and these results were confirmed by ApEn analysis. To independently determine pattern synchronicity between leptin and TSH, we also determined the cross ApEn between these two hormones as described previously (5). The mean random cross-ApEn, which would reflect unrelatedness between these two hormones by pattern consistency or synchrony was 2.268 Ϯ 0.030. The significantly reduced (nonrandom) cross-ApEn values between leptin and TSH (average of 1.816 Ϯ 0.245, P Ͻ 0.02) demonstrate that there is synchronicity or pattern coupling between these two hormones in healthy Caucasians. Thus, using two independent methods, we show significant temporal association between the 24-h rhythms of leptin and those of TSH.
Ultradian rhythms in a family with leptin deficiency
In this family, it is clear that in its homozygous form, leptin gene mutation results in detectable but bioinactive leptin levels. In addition, although all four brothers are within the ApEn range obtained by studying the five normal unrelated volunteers, it is obvious that the leptin rhythmicity in the leptin-deficient homozygote (Ϫ/Ϫ) is clearly disorganized. In addition, leptin rhythmicity in the normal brother is more organized than that in the two heterozygotes brothers, which in turn is relatively more organized than the secretion in the leptin deficient homozygote (Ϫ/Ϫ). Similarly, organization of their TSH rhythms, as reflected by the ApEn statistic, parallels the organization of leptin in the four brothers. Finally, it seems that leptin gene status influences cross-ApEn in a similar way. Thus, leptin and TSH levels are highly correlated in the five unrelated normal men and the normal (ϩ/ϩ) brother, but the respective correlations, although significant, are weaker in the heterozygous (ϩ/Ϫ) brothers and least structured in the leptin-deficient subject (Ϫ/Ϫ).
Furthermore, the 24-h patterns of leptin and TSH variability are strongly correlated in healthy subjects (P Ͻ 0.01, Fig. 2 ) and in the normal (ϩ/ϩ) brother (r ϭ 0.83, P Ͻ 0.001). Interestingly, although the 24-h patterns of leptin and TSH variability are significantly correlated in the heterozygote (ϩ/Ϫ) brothers, the corresponding Pearson correlation coefficients are smaller (r ϭ 0.37 and .28, P Ͻ 0.01). In contrast, the corresponding Pearson correlation coefficients are nonsignificant in the homozygote (Ϫ/Ϫ) brother (r ϭ 0.11, P ϭ NS).
In summary, study of this unique family demonstrates that the levels of TSH ApEn reflect those of leptin ApEn, which in turn is closely associated with leptin gene status. These data, albeit limited, point to a temporal association between the organization of the 24-h TSH and leptin levels that, when considered in the context of previous in vitro and in vivo data, may indicate that TSH secretion could be influenced by leptin's circulating levels.
Bayesian model. Figure 3 presents the observed leptin and TSH levels and the Bayesian model fits for the leptin-deficient subjects (one homozygous, ϩ/ϩ; two heterozygous, Ϫ/ϩ; one homozygous leptin deficient, Ϫ/Ϫ). In each time series, the solid line represents the mean model response, whereas the dashed lines trace out the 95% Bayesian prediction interval for the model. Large diurnal leptin oscillations occur in the ϩ/ϩ group and smaller oscillations are still visible in the Ϫ/ϩ subjects. The diurnal oscillations of the normal subjects studied are similar to those of the ϩ/ϩ subject (data not shown). However, little, if any, periodic behavior is noticeable in the homozygous leptin-deficient subject. Except for this subject, maximal leptin and TSH levels occur at night. The former subject's TSH levels achieve a maximum in the early morning. These observations are consistent with the estimated model parameters we report in Table 1 . Table 1 reports the mean and 95% credible intervals for the amplitude, baseline and phase parameters for both leptin and TSH for all three groups of members of the leptindeficient family. The table also reports estimates of the relative amplitude. Relative amplitude is a measure of oscillation that adjusts for varying baselines. Examining leptin results first, the estimates of amplitude and relative amplitude for the ϩ/ϩ and Ϫ/ϩ groups are significantly nonzero, signifying diurnal oscillation. However, the 95% credible interval of the amplitude and relative amplitude for the Ϫ/Ϫ group falls squarely over zero, implying no significant diurnal behavior. Baseline estimates for all groups are significantly different from each other with the ϩ/ϩ group expressing the highest levels of leptin and the homozygous leptin-deficient subject expectedly the lowest. As the leptin levels in the homozygous leptin-deficient subject do not significantly oscillate, it is impossible to estimate this phase. Referring to the TSH model fits in Table 1 , all three groups possess diurnal variation as expressed through significantly nonzero estimates of amplitude and relative amplitude. The phase of oscillation is also significantly different in the Ϫ/Ϫ group from the other two groups. The homozygous leptindeficient subject's TSH levels reach a maximum at approximately 0900 h (0830h to 0930 h, 95% credible interval). Finally, returning to Fig. 1 , the leptin and TSH time series also exhibit short time-scale pulsatile behavior, in addition to the diurnal variation. This effect is especially pronounced in the TSH data from the first USA ϩ/ϩ subject, where we observe several short pulses consistent with the estimated diurnal response. We plan to develop further models to capture both behaviors.
Discussion
Circulating levels of leptin, an adipocyte-derived hormone that reflects the amount of energy stored in adipose tissue, are highly organized and have a distinct diurnal and circadian rhythm (3, (5) (6) (7) . Previously, we examined the associations between the pulsatile secretion of leptin and that of gonadotrophins and ACTH (3, 5) . As leptin levels increase at night, leptin pulsatile secretion becomes more organized, and the fluctuations of plasma leptin concentrations are synchronous with those of LH and estradiol (5) . Moreover, the patterns of synchrony of leptin/LH and leptin/estradiol are more orderly at night (3, 5) . We, therefore, suggested that the nocturnal rise in leptin concentrations may contribute to the nighttime changes in LH pulsatility patterns. The ultradian fluctuations of leptin levels also show a pattern synchrony with those of ACTH as well as LH and estradiol as determined by cross-ApEn (3, 5) .
A circadian variation has also been shown for TSH (8, (11) (12) (13) (14) (15) 29) . TSH levels rise late in the evening, peak between 2300 and 0400 h and decline thereafter to a nadir which occurs before noon (11) (12) (13) (14) . In addition, circulating TSH levels display an ultradian rhythm with an increase of TSH pulse amplitude and frequency at night (8, (11) (12) (13) (14) . In this study, we assessed whether circulating levels of TSH show a pattern synchrony with circulating leptin levels. We confirm, in a group of young healthy Caucasians, that frequently sampled serum leptin and TSH concentrations have circadian and ultradian release patterns with quantifiable levels of orderliness that are significantly different from random (3) . Furthermore, we demonstrate that leptin and TSH have almost identical circadian rhythms. Finally, by using two independent methods to assess temporal linkage, crosscorrelation analysis and cross-ApEn, we demonstrate that the ultradian fluctuations in leptin levels show pattern synchrony with those of TSH in normal subjects. In addition to normal subjects, we have studied members of a family with genetic leptin deficiency. Data from members of this family indicate that leptin deficiency is closely associated with dysregulated patterns of TSH pulsatile and circadian rhythm. These data suggest that leptin may have a role in regulating TSH secretion in humans.
The mechanism underlying TSH pulsatility and circadian rhythmicity, and how leptin may influence its rhythmicity remains largely unknown, however. Although dopamine may affect TSH pulse amplitude, this neurotransmitter has not been shown to affect TSH pulse frequency (14) . Neither serotonin (30) , melatonin (31), nor ␣-adrenergic pathways play significant roles in determining TSH circadian rhythmicity (32) . The fact that caloric restriction results in a decrease in basal or TRH-stimulated TSH levels, TSH pulse amplitude and nocturnal increase of TSH (33) (34) (35) suggest that a factor that reflects nutritional status and energy stores could be responsible for these effects of caloric restriction. Because deficient nocturnal surge of TSH has also been observed in central hypothyropidism (29) , it is reasonable to speculate that leptin, an adipocyte-derived hormone that communicates information on the amount of energy stored in adipose tissue to the hypothalamus, could also regulate TSH pulsatile and circadian rhythm. More importantly, it has been previously shown that leptin's pulsatility is synchronous to that of gonadotropins. Since the pulsatilities of TSH and gonadotropins are concordant, a common hypothalamic pulse generator may regulate circulating concentrations of both hormones (8, 36 ). This hypothesis is further supported by recent experimental evidence.
ObRb mRNA is expressed in the paraventricular nucleus (PVN) (37) , and leptin can increase the expression of the proTRH gene in the hypothalamic PVN (17) , thus regulating the hypothalamic-pituitary-thyroid axis (17) . Leptin increases ProTRH biosynthesis and TRH release by direct actions on TRH neurons or indirectly by altering neuropeptides that themselves regulate the TRH neurons (18, 19) . Both NPY neurons (38) , and ␣-MSH and AgRP expressing neurons have nerve fibers that project from the arcuate nucleus to the PVN and are in close proximity to the Pro-TRH-expressing neurons (39, 40) . These and other neuropeptides could play a role in modulating the role of TRH neurons by mediating the effects of leptin and/or independently of leptin. Hypophysiotropic TRH neurons in the PVN are also subjected to negative regulation by serum thyroid hormone levels (41) (42) . When serum thyroid hormone levels drop, TRH secretion is increased and results in increased TSH secretion. Conversely, increase of serum thyroid levels suppresses secretion of PVN TRH and results in reduced TSH secretion (42) . This regulatory system is altered during fasting, however, because decreased serum thyroid levels in response to fasting are associated with a reduction in both TRH and TSH secretion (43, 44) . It has been previously shown that leptin administration can prevent the fall in thyroid hormone in response to starvation in rodents (2) (17, 37) and that this is associated with maintenance of TRH mRNA expression in the PVN (17) . These observations suggest that leptin plays an important role in regulating TRH biosynthesis in the PVN and thus TSH and possibly, T 3 and T 4 levels. It is also possible that leptin, in addition to its action at the hypothalamic level, could act directly on the thyrotrope to influence TSH secretion. Recently both leptin and leptinreceptor expression has been demonstrated in TSH expressing cells of rat and mouse anterior pituitaries (20, 46, 47) and can potentially influence its secretion.
Thus, several mechanisms exist by which leptin could regulate TSH pulsatile and circadian secretion. However, it is also possible that both leptin and TSH rhythms are regulated by a common hypothalamic pulse generator or that leptin influences TSH rhythmicity indirectly (i.e. by regulating the rhythmicity of other hormone levels such as LH or cortisol) (3, 5) . It has been previously proposed that serum estrogen and/or androgen levels may affect serum TSH response to TRH (48, 49) and may influence TSH secretion (50) . Because circadian and pulsatile changes in TSH secretion are not influenced by cortisol secretion (51), it seems unlikely that the underlying association between leptin and cortisol is responsible for the association between leptin and TSH rhythms observed in this study. The full spectrum of factors influencing TSH rhythmicity remains to be fully elucidated.
It has been previously demonstrated that most children with either leptin (52, 53) or leptin receptor mutations (54) have hypothalamic hypothyroidism (52, 55) . In contrast to these observations, all adult leptin-deficient homozygous and heterozygous adult patients in this study have normal thyroid hormone levels but abnormal pattern of TSH secretion. It is possible that as leptin-deficient subjects grow other factors that regulate TSH secretion, the nature of which remains to be elucidated, assume a more important role in TSH regulation and maintenance of normal circulating thyroid hormone levels.
Based on these data, we propose that leptin regulates pulse patterns and absolute levels of leptin may contribute to the regulation of fluctuations in TSH levels in a fashion similar to the possible role of leptin in regulating fluctuations in the levels of ACTH or LH (3) . Based on these data, it appears that impaired circadian rhythm of TSH is not absolutely necessary for maintenance of normal thyroid hormone levels in adults, since the homozygote Ϫ/Ϫ subject had normal thyroid hormone levels, despite disorganized TSH circadian rhythm. A limitation of the current study is the lack of data from morbidly obese subjects that could have been used as controls for the leptin deficient homozygote subject. Additional studies including morbidly obese subjects as controls, as well as patients with anorexia nervosa (56, 57) may be warranted.
This role of leptin provides a link between nutritional status and the episodic activity of the hypothalamic-pituitary-peripheral axes and may have important implications for neuroendocrine function in humans. Despite the highly statistically significant associations shown in this study and the data from leptin-deficient subjects strongly suggesting that leptin may play a direct role in regulating TSH rhythmicity, cross-sectional and observational data cannot prove causality. Alternatively, these data also support a permissive role for leptin in the regulation of hypothalamic-pituitarythyroid axis.
Thus, interventional studies to fully prove causality and basic research studies to elucidate the underlying mechanism are clearly needed. Such experimental studies administering either leptin itself or leptin agonists and antagonists could definitively prove the causal direction of the associations observed in this study and could contribute to the elucidation of the mechanisms underlying the associations between the dynamics of leptin secretion and neuroendocrine function in humans.
